The push-pull superfusion technique (PPST) is a procedure for in vivo examination of transmitter release in distinct brain areas. This technique allows to investigate dynamics of transmitter release both under normal and experimentally evoked conditions. The PPST can be modified so that it is possible to determine release of endogenous transmitters simultaneously with electroencephalogram (EEG) recordings, recordings of evoked potentials or the on-line determination of endogenous nitric oxide (NO) released into the synaptic cleft. Because of the good time resolution, the method provides further the possibility to modify the collection periods of superfusates depending on the neuronal function that is analyzed. For instance, investigation of central cardiovascular control, behavioral tasks or mnemonic processes requires very short collection periods, because changes in transmitter release occur within seconds. Even more important is the time resolution when rates of transmitter release are correlated with evoked extracellular potentials or EEG recordings. This review provides an overview of the different devices which might be combined with the PPST and perspectives for future work.
INTRODUCTION
Determination of transmitter release in distinct brain areas is a prerequisite for understanding how brain is functioning, which changes in neuronal function are responsible for various central diseases and, therefore, it is an indispensable tool for the development of specific drugs for their treatments.
Several procedures exist for this purpose. Among them push-push superfusion technique (PPST) [1] and microdialysis [2] have the advantage that they provide information not only about overall changes in neuronal activity within distinct brain areas, but they additionally show quantitative alterations in transmitter release rates. Very important, with these techniques the dynamics of transmitter release under normal and experimentally evoked conditions is recorded. Both procedures and particularly PPST are more demanding and time consuming than most of the other procedures which are used. On the other hand, the more demanding and time consuming the procedures, the more exact and valuable the information they provide concerning involvement of transmitters in brain function and dysfunction.
The push-pull cannula (PPC) has been developed by Gaddum [3] and used for the determination of transmitter release in several tissues. The principle is as following:
*Address correspondence to this author at the Department of Pharmacology and Toxicology, University of Innsbruck, Innrain 80-82, 6020 Innsbruck Austria; Tel: ++43 512 280489; Fax: ++43 512 280489; E-mail: athineos.philippou@uibk.ac.at Locke or a similar solution is pushed through one of two parallel [3] or concentric [4] needles and pulled out from the second needle, the system being working like a siphon. When concentric needles or cannulae are used, the inner one protrudes to some extent. Substances locally released are determined in the perfusing fluid. This principle might be useful in peripheral tissues. However, because of the protruding inner needle in the brain and the malfunctioning siphon less fluid is pulled out of the brain than pushed in it. This leads to a local pressure increase in the perfused area that dramatically changes blood pressure, respiration, and other brain functions depending on the area that is perfused. In turn, these functional changes influence dramatically the release rates of transmitters and modulators thus rendering impossible the determination of transmitter release under normal physiological conditions. The development of a modified PPC and PPST was necessary so as to determine the dynamics of neurotransmitter release in the brain under normal physiological conditions, as well as experimentally induced conditions. The main characteristic of the modified PPC is that the inner needle ends about 10 mm above the outer needle so that the brain tissue is smoothly superfused, tissue damage is slight and brain functions remain unchanged [1] .
In this review the modified PPCs and PPST will be described which have been successfully used for determination of neurotransmitters released in distinct brain areas, as well as the dynamics of transmitter release under 1. normal conditions, 2. during experimentally induced blood pressure changes, 3. during recording of the electroencephalogram (EEG), 4. during recording of evoked A. Philippu potentials, 5. during real-time determination of nitric oxide (NO) and 6. when investigations on behavior were performed. Experiments were carried out either in anaesthetized or conscious, freely moving animals.
SPONTANEOUS

RELEASE OF NEURO-TRANSMITTERS: ULTRADIAN RHYTHMS
PPC [1, 5] is shown in Fig. 1 .
In anaesthetized and conscious, freely moving animals, the release rates of several transmitters in various brain regions are not constant but oscillate according to ultradian rhythms. For example, in the nucleus of the solitary tract of the anaesthetized cat the release rates of catecholamines fluctuate according to a low frequency rhythm (1 cycle/1 hour) and a high frequent rhythm (1 cycle/10 min) (Fig. 2) [6].
In the mamillary body and the medial amygdaloid nucleus of the cat the release rate of histamine also oscillates with a low frequency rhythm of 1 cycle/90 min, 1 cycle/135 min, respectively. Additionally, high frequency oscillations (1 cycle/19 min) exist in both areas [7] .
Similar oscillations have been found in the hypothalamus of the conscious, freely moving rabbit [8] . These oscillations reflect changes in neuronal activity and are very probably due to fluctuations in presynaptic transmitter modulation.
Recently, it has been shown that in mice the circadian nuclear receptor REV-ERBα, that is associated with bipolar disorders, impacts midbrain dopamine production and moodrelated behaviour [9] . It is intriguing to postulate that a similar receptor is also involved in the genesis of the ultradian oscillations described above.
CENTRAL CARDIOVASCULAR CONTROL: EFFECTS OF EXPERIMENTALLY INDUCED BLOOD PRESSURE CHANGES
Neuronal biogenic amines as catecholamines and serotonin located in various brain areas are responsible for arterial blood homeostasis [10] [11] [12] [13] [14] . The most direct way to identify brain neurons involved in central blood pressure control is to investigate, whether experimentally induced blood pressure changes lead to counteracting changes in neuronal activities [10, 12] .
In anaesthetized cats, superfusion of the posterior hypothalamus and collection of superfusates in very short periods of 10 s reveals that temporal differences exist in the counteracting release of catecholamines, when blood pressure is experimentally lowered. Intravenous injection of nitroprusside leads to a fall of blood pressure which is combined with an immediate increase in the release of dopamine. The release of adrenaline is enhanced 60 s later than that of dopamine, while the release of noradrenaline is increased after a delay of about 70 s (Fig. 3) .
Similar results have been obtained, when hypotension was elicited by controlled bleeding [15] .
These findings underline the necessity of an optimal time resolution when the role of central neurons containing various neurotransmitters in brain functions is investigated. In comparison with other techniques used to study the in vivo release of transmitters, the modified PPC has the best time resolution because the brain tissue is directly superfused with the superfusing fluid without interference of a semipermeable membrane [16] .
Besides biogenic amines, inhibitory and excitatory amino acids are involved in blood pressure regulation [10] . In the locus coeruleus of conscious, freely moving rats a fall of blood pressure provoked by i.v. injection of nitroprusside enhances the release rate of the excitatory amino acid glutamate, so as to counteract the hypotension, without influencing that of GABA and arginine (Fig. 4) .
On the other hand, increase in blood pressure elicited by i.v. injection of noradrenaline elicits a counteracting increase in the release of the endogenous inhibitory amino acid GABA without influencing the release rates of the excitatory amino acid glutamate or arginine (Fig. 5) .
It is interesting to mention that in sino-aortic denervated (SAD) rats, the pressor response to noradrenaline does not influence the release of GABA in the locus coeruleus showing that the GABAergic response is mediated via peripheral baroreceptors. Moreover, in SAD animals the basal release rate of glutamate greatly augments blood pressure lability [11] .
SIMULTANEOUS DETERMINATION OF TRANS-MITTER RELEASE AND ELECTROENCEPHALOGRAM (EEG) RECORDINGS IN A DISTINCT BRAIN AREA
The release of histamine in the posterior hypothalamus (PH) is determined simultaneously with the extracellular EEG recording. For this purpose, a microelectrode (0.5 MΩ impedance, tungsten monopolar insulated microelectrode, shaft diameter 0.216 mm, tip diameter 1-2 µm) [17] is inserted into the outer tubing of the non-metallic PPC. A negative correlation exists between histamine release and the ultradian rhythm in the delta and theta frequency bands of the EEG. Indeed, low release rate of histamine corresponds to states of high neuronal activity within the PH [17] . H 3 receptor antagonists applied intracerebroventricularily (i.c.v.) inhibit experimentally evoked seizures evoked by electrodes implanted into the amygdala [18] . Besides histaminergic, catecholaminergic and dopaminergic neurons influence the ultradian EEG rhythm in the rat PH [19, 20] .
SIMULTANEOUS DETERMINATION OF TRANS-MITTERS AND EVOKED POTENTIALS IN A DISTINCT BRAIN AREA
For in vivo electrochemical characterization of the projection from distinct brain areas to other brain structures paired pulses are electrically evoked and incoming signals are recorded as extracellular potentials. Using the PPC the biochemical transmission is investigated simultaneously. A parylene-coated tungsten-electrode (2.0 MΩ, outside diameter: 0.22mm) is placed inside the outer needle of the PPC. Additionally, a concentric bipolar stimulation electrode (0.25mm exposed) is inserted to the brain structure to be stimulated [21] .
Superfusion of the dorsolateral NAc of anaesthetized rats with the nitric oxide (NO) synthase (NOS) inhibitor N Gnitro-L-arginine methyl ester (L-NAME, 500 µM) attenuates potentials evoked by electrical stimulation of the lateral aspect of the parafascicular thalamus (Pf) and decreases glutamate, aspartate, and GABA release, while the NO donor 3-(2-hydroxy-2-nitroso-1-propylhydrazino)-1-propanamine (PAPA/NO, 500 µM) exerts the opposite effect [21] . NOS containing neurons seem not to be in synaptic contact with thalamic fibers [22] but fibers arising from the Pf are directly in synaptic contact with striatal cholinergic interneurons [23, 24] which are known to activate NOS positive cells [25] .
Thus, PPST together with simultaneous recording of evoked potentials makes it possible to investigate neurotransmitter release during activation of different afferences to a small brain area. In this way, projections to distinct areas of the brain and their functional significance might be elucidated. Moreover, the influence of neuroactive substances applied locally is accurately investigated.
ON-LINE RECORDING OF NITRIC OXIDE IN A DISTINCT BRAIN AREA
An amperometric microelectrode introduced into the outer tube of the PPC allows real-time monitoring of NO simultaneously with determination of neurotransmitters and local application of neuroactive substances [26] . In anaesthetized rats, superfusion of the NAc with tetrodotoxin (TTX, 10 µM) via the PPC decreases NO levels in the superfusate (Fig. 6) [26] .
To stimulate NO synthesis, the NAc is superfused with NMDA (50 µM). The enhanced NO synthesis leads in turn to an increased NO release [26] .
These findings confirm the accuracy of NO signal recordings and the feasibility of simultaneous online determination of NO together with release of neurotransmitters. The labile NO electrode is thereby protected by the PPC during inserting the devices into the investigated brain area. The superfusate is free of blood, hemoglobin and cell debris which might influence NO concentration. Furthermore, physiological conditions are maintained for several hours.
ASSESSMENT OF NEUROTRANSMITTER RELEASE DURING MNEMONIC PROCESSES
The olfactory, social memory test [27] is based on the chemosensorily mediated memory of an animal for a social conspecific [28] . It is based on the time needed by an adult, sexually experienced rat to become acquainted with an unfamiliar juvenile rat, the time required being an index of short-term memory. When re-exposure is carried out in less than one hour, the adult rat recognizes the juvenile rat and contact time is short [27] . An interval of two hours between the two exposures requires an entire investigation of the juvenile by the adult rat so that contact time to recognition during first and second exposure are similar [29] . Combination of transmitter release determination by the PPC with the olfactory, social memory test makes it possible to correlate neuronal activity in a distinct brain area with memory processes.
Learning processes initiated during performance of the olfactory, social memory test are associated with enhanced release rates of glutamate and ACh in the NAc. On the other hand, recognition that reflects short-term memory is ineffective (Fig. 7) [30] .
These findings are consistent with the observation that damage to the NAc only slightly affects retention of acquired place navigation in the Morris water task [31] . Moreover, acquisition of passive-avoidance learning rather than maintenance of memory is affected when cholinergic transmission is attenuated [32, 33] .
The significance of histaminergic projections within cholinergic and other neuronal circuits on mnemonic processing is well established [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] and has also been investigated by PPST [34, 37, 39, 40] . During learning processes i.c.v. injection of the H 3 receptor antagonist thioperamide or the H 2 receptor antagonist famotidine greatly shortens recognition time while the release rates of ACh and glutamate are not changed. The findings support the idea that within the NAc histaminergic neurons facilitate short-term memory without affecting release of ACh and glutamate [30] .
Furthermore, PPST might be used for investigating transmitter release in models of anxiety and pain [45] since the fixation of the cannula onto the skull is tight enough to resist to intense movements of the animal during different behavioral tasks. 
PRESYNAPTIC TRANSMITTER MODULATION
Findings obtained during superfusion of the NAc with various receptor agonists and antagonists are summarized in Fig. 8. A transmitter, for example histamine, is released from its neuron in the synaptic cleft and via auto-and heteroreceptors either enhances or inhibits the activity of its own neuron and of neighbouring neurons. This micro system is influenced by Fig. (7) . Release of ACh (A) and glutamate (B) in the NAc during performance of the olfactory, social memory task in rats. Effect of i.c.v. injection of 5 µg thioperamide (Thio) together with 20 µg famotidine (Fam) on transmitter release. Histamine receptor antagonists or aCSF (vehicle) is injected immediately after the first exposure. Each exposure lasts 10 min and second exposure takes place 60 or 90 min after the first exposure. Horizontal bars indicate exposure of the juvenile rat to the adult rat. Basal release rate in the three samples preceding the exposure is taken as 1. Mean values ± SEM. Number of rats is indicated in parentheses. *p < 0.05; **p < 0.01, significantly different from basal release rate [30] .
NO which is liberated from nitrergic neurons and either directly or indirectly via glutamatergic neurons modulates the transmitter release in the synapse [46] [47] [48] .
EVALUATION AND PERSPECTIVES
Combination of PPC with various types of electrodes makes it possible to record locally EEG or extracellular potentials simultaneously with the determination of transmitter release. The great advantage of this procedure is that electrodes are placed directly in the area in which transmitters are released. This is of crucial importance because of the small areas that are studied. Insertion of the electrode parallel to the area in which the transmitter release is assessed probably leads to potential recordings outside of this area in which the transmitter release is investigated. Placement of the electrode within the superfused area and good resolution time, which is indispensable for correlation of neuronal activity with brain function, are the main advantages of the PPST when compared to microdialysis. On the other hand, the main disadvantage of PPST is that cannulae obtained commercially should be carefully tested before use because they may not work appropriately. This renders PPST more demanding that microdialysis.
For commercial purposes a new PPC is under construction. It consists of high technology polymer and possesses an integrated tissue barrier.
The advantage of the PPST combined with the NO electrode is the continuous determination of the NO concentration in the tissue with a time resolution of less than 5 seconds.
The described techniques and assays make it possible to investigate the involvement of transmitter release in various brain functions from central blood pressure control to behavior and presynaptic modulation of transmitter release. The knowledge of these mutual interchanges under physiological conditions and in brain disorders is a prerequisite for the development of selective drugs for their therapy. Fig. (8) . Presynaptic modulatory processes in the synaptic cleft of the NAc. Modified from [46] .
